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(57) ABSTRACT

A three-dimensional shape data production method and a
system for the same for realizing contactless receiving of
data regarding the inner shape of a tubular body which
includes a step of generating multiple pieces of two-dimen-
sional image data based on a signal from an image capturing
device configured to be movable inside a tubular body and
configured to capture an image of the inside of the tubular
body; a step of receiving space information on the image
capturing device upon image capturing by the image cap-
turing device based on a signal from a motion sensor placed
at the image capturing device; and a step of associating the
two-dimensional image data and the space information with
each other and generating three-dimensional shape data of
the inside of the tubular body based on the two-dimensional
image data and the space information.
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THREE-DIMENSIONAL SHAPE DATA
PRODUCTION METHOD AND
THREE-DIMENSIONAL SHAPE DATA
PRODUCTION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priorities from Japanese Patent
Applications 2018-039011 and 2019-032814, respectively
filed with the Japan Patent Office on Mar. 5, 2018 and on
Feb. 26, 2019, the entire content of which is hereby incor-
porated by reference.

BACKGROUND
1. Technical Field

The present disclosure relates to a three-dimensional
shape data production method and a three-dimensional
shape data production system. Specifically, the present dis-
closure relates to the method for realizing contactless receiv-
ing of the three-dimensional shape of the inside of a tubular
body such as an external ear canal and reproduction of such
a received shape and a system for such a method.

2. Related Art

A hearing aid is used with being inserted into the external
ear canal of a user thereof. Thus, a custom in-the ear type
hearing aid and an ear mold produced in accordance with the
shape of the external ear canal of the user have been known.
For example, for making an ear impression, data regarding
the inner shape of the external ear canal of the user needs to
be collected. Thus, in a typical case, an impression material
is injected into the external ear canal with a syringe, and
then, is hardened. Then, the ear impression making process
of taking out the hardened impression material to make the
ear impression of the user is performed (see, e.g., JP-A-
2000-210327).

In the ear impression making process, in a case where the
curvature of the external ear canal is, for example, sharp, the
hardened impression material cannot be sometimes taken
out. An elderly person has the sagging skin of the external
ear canal, i.e., wrinkles. In this case, when the impression
material is injected, the skin moves due to the injected
impression material, and for this reason, the ear impression
having been formed is different from an original shape.
Moreover, the accuracy of the ear impression depends on the
skill of a person making the ear impression. For this reason,
different persons making the ear impression might make
different ear impression shapes. Thus, the technique of
receiving data on the inner shape of the external ear canal
without use of the impression material has been demanded.

Meanwhile, the technique of performing contactless mea-
surement of an object shape has advanced in recent years.
However, such a measurement technique is often for mea-
suring an outer shape of the object. Thus, the technique of
receiving data on the three-dimensional shape of the inside
of a tubular body such as the external ear canal is not a
general technique.

The present disclosure is intended to solve these prob-
lems. That is, the present disclosure is intended to provide a
three-dimensional shape data production method and a
three-dimensional shape data production system for realiz-
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2

ing contactless receiving of data regarding the inner shape of
atubular body such as an external ear canal and reproduction
of such data.

SUMMARY

A three-dimensional shape data production method as one
aspect of the present disclosure includes the step of gener-
ating two-dimensional image data based on a signal from an
image capturing device configured to be movable inside a
tubular body and configured to capture an image of the
inside of the tubular body, the step of receiving space
information on the image capturing device upon image
capturing by the image capturing device based on a signal
from a motion sensor, and the step of associating the
two-dimensional image data and the space information with
each other and generating three-dimensional shape data of
the inside of the tubular body based on the two-dimensional
image data and the space information.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are schematic views of one embodiment
of a three-dimensional shape data production system accord-
ing to the present disclosure;

FIG. 2 is a view of one embodiment of an image capturing
element;

FIG. 3 is a diagram of cylindrical coordinates;

FIGS. 4A and 4B are views for describing a straight line
connecting the image capturing element and a principal
point of an objective optical system;

FIG. 5 is a diagram for describing an intersection between
a cylindrical surface in the cylindrical coordinates and the
straight line illustrated in FIGS. 4A and 4B; and

FIGS. 6A and 6B are diagrams for describing the method
for determining whether or not the intersection illustrated in
FIG. 5 is inside an infinitesimal surface.

DETAILED DESCRIPTION

In the following detailed description, for purpose of
explanation, numerous specific details are set forth in order
to provide a thorough understanding of the disclosed
embodiments. It will be apparent, however, that one or more
embodiments may be practiced without these specific
details. In other instances, well-known structures and
devices are schematically shown in order to simplify the
drawings.

A three-dimensional shape data production method of an
embodiment according to the present disclosure includes a
step of generating multiple pieces of two-dimensional image
data based on a signal from an image capturing device
configured to be movable inside a tubular body and config-
ured to capture an image of the inside of the tubular body;
a step of receiving space information on the image capturing
device upon image capturing by the image capturing device
based on a signal from a motion sensor placed at the image
capturing device; and a step of relating the two-dimensional
image data and the space information with each other and
generating three-dimensional shape data of the inside of the
tubular body based on the two-dimensional image data and
the space information.

In the three-dimensional shape data production method,
the image capturing device includes a lighting, an objective
optical system, and an image capturing element having
multiple light receiving elements arranged at a position of
image formation by the objective optical system and con-
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figured to receive reflected light from the inside of the
tubular body, the step of generating the three-dimensional
shape data includes a step of calculating a movement locus
of a principal point of the objective optical system in
association with movement of the image capturing device
based on the space information to set cylindrical coordinates
about the movement locus as a center axis and discretizing
a surrounding space of the image capturing device based on
the cylindrical coordinates to set that the surrounding space
is formed with multiple infinitesimal surfaces according to
the cylindrical coordinates, a step of setting a straight line
connecting each light receiving element of the image cap-
turing element and the principal point, a step of determining
whether or not the infinitesimal surfaces exist on the straight
line, a step of determining, when it is determined that the
infinitesimal surfaces exist on the straight line, whether or
not reflected light from the infinitesimal surfaces can enter
each light receiving element of the image capturing element,
a step of setting a pixel value of each pixel of the two-
dimensional image data as a sum of an intensity of the
reflected light from each of the infinitesimal surfaces and
calculating the intensity of the reflected light on each of the
infinitesimal surfaces exists on the straight line based on the
pixel value, and a step of estimating the infinitesimal sur-
faces inside an actual tubular body based on distribution of
the reflected light intensity of each of the infinitesimal
surfaces exists on the straight line and building three-
dimensional shape data of the inside of the tubular body
based on the estimated infinitesimal surfaces.

In the three-dimensional shape data production method e
image capturing device includes an lighting, an objective
optical system, and an image capturing element arranged at
a position of image formation by the objective optical
system and configured to receive reflected light from the
inside of the tubular body, the step of generating the three-
dimensional shape data includes a step of receiving, in
advance, reference data regarding a pixel value correspond-
ing to a distance between a principal point of the objective
optical system and the inside of the tubular body, a step of
calculating a movement locus of the principal point of the
objective optical system in association with movement of
the image capturing device based on the space information
to set cylindrical coordinates about the movement locus as
a center axis and setting a cylinder having a predetermined
radius and including multiple infinitesimal surfaces accord-
ing to the cylindrical coordinates, a step of setting a straight
line connecting each light receiving element of the image
capturing element and the principal point, a step of deter-
mining whether or not the infinitesimal surfaces exist on the
straight line, a step of extracting the infinitesimal surfaces
corresponding to the two-dimensional image data, a step of
obtaining a distance between the principal point at a position
receiving the two-dimensional image data and the infinitesi-
mal surface from a pixel value corresponding to each
extracted infinitesimal surface based on the reference data,
and a step of calculating a tubular body shape according to
the distance.

The three-dimensional shape data production method may
further include a step of correcting the space information on
the image capturing device as obtained by the motion sensor
based on the space information on the tubular body upon
image capturing, the space information on the tubular body
being obtained by other motion sensors.

A three-dimensional shape data production system of
another embodiment according to the present disclosure
includes a two-dimensional image data generation device
configured to generate multiple pieces of two-dimensional
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image data based on a signal from an image capturing device
configured to be movable inside a tubular body and config-
ured to capture an image of the inside of the tubular body;
a space information receiving device configured to receive
space information on the image capturing device upon
image capturing based on a signal from a motion sensor
placed at the image capturing device; and a three-dimen-
sional shape data generation device configured to relate the
two-dimensional image data and the space information with
each other and generate three-dimensional shape data of the
inside of the tubular body based on the two-dimensional
image data and the space information.

In the three-dimensional shape data production system,
the image capturing device includes a lighting, a tip end
portion having an objective optical system into which
reflected light from the inside of the tubular body which
radiates at the lighting enters, a bent portion supporting the
tip end portion and provided bendably, and an image cap-
turing element arranged at a position of image formation by
the objective optical system and configured to receive
reflected light from the inside of tubular body, and the
motion sensor is preferably provided at the tip end portion.

The three-dimensional shape data production system fur-
ther comprises a storage device configured to receive and
store, in advance, reference data regarding a pixel value
corresponding to a distance between a principal point of the
objective optical system and the inside of the tubular body,
and the three-dimensional shape data generation device
calculates a movement locus of the principal point of the
objective optical system in association with movement of
the image capturing device based on the space information
to set cylindrical coordinates having the movement locus as
a center axis, sets a cylinder having a predetermined radius
and including multiple infinitesimal surfaces according to
the cylindrical coordinates, and sets a straight line connect-
ing each light receiving element of an image capturing
element and the principal point, determines whether or not
the infinitesimal surfaces exist on the straight line, extracts
the infinitesimal surfaces corresponding to the two-dimen-
sional image data, and obtains a distance between the
principal point at a position receiving the two-dimensional
image data and the infinitesimal surface from a pixel value
corresponding to each extracted infinitesimal surface based
on the reference data.

Moreover, a holding device configured to directly or
indirectly hold the tubular body is preferably further pro-
vided.

According to the method or the system of the present
disclosure, the three-dimensional shape data of the inside of
the tubular body can be generated from the multiple pieces
of the two-dimensional image data of the inside of the
tubular body obtained by the image capturing device and the
space information on the image capturing device as obtained
by the motion sensor. That is, contactless receiving and
reproduction of data regarding the inner shape of the tubular
body can be realized. Thus, a problem when an ear impres-
sion is made using an impression material can be solved in
such a manner that the three-dimensional shape data of the
inside of the external ear canal is generated by the method
or the system according to the present disclosure.

Hereinafter, a three-dimensional shape data production
method and a three-dimensional shape data production sys-
tem for the inside of a tubular body according to one
embodiment of the present disclosure will be described with
reference to the drawings. Note that in the present embodi-
ment, the case of producing three-dimensional shape data of
an external ear canal will be described as one example.
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As illustrated in FIGS. 1A and 1B, the three-dimensional
shape data production system of the present embodiment
includes an image capturing device 1, a motion sensor 2, and
a computer 3.

The image capturing device 1 is movable inside the
external ear canal of a human body, and is configured to
capture an image of the inside of the external ear canal. Such
a device includes, for example, an otoscope 10 illustrated in
FIG. 1A and a video scope 11 illustrated in FIG. 1B. The
video scope 11 includes an objective optical system 12 and
an image capturing element 13 at an end portion on a side
to be inserted into the external ear canal. Note that although
not shown in the figure, a fiberscope may be employed as the
image capturing device 1. The fiberscope includes an objec-
tive optical system at an end portion on a side to be inserted
into the external ear canal. Light having entered through the
objective optical system is guided by a fiber cable. An image
capturing element arranged at an opposite end portion of the
fiberscope is configured to convert the light from the objec-
tive optical system into an electric signal.

As illustrated in FIG. 1B, the image capturing device 1
includes the objective optical system 12. The objective
optical system 12 may include a single lens. Alternatively,
multiple lenses may be combined. The image capturing
element 13 is arranged at an image formation position of the
objective optical system 12. The image capturing element 13
is configured to receive, from the inside of the external ear
canal, reflected light having entered into the external ear
canal from the objective optical system 12, thereby convert-
ing the light into an electric signal. As illustrated in FIG. 2,
the image capturing element 13 includes multiple light
receiving elements 13a. Note that although not shown in the
figure, the image capturing device 1 includes a lighting
device configured to irradiate an object targeted for image
capturing with light. Thus, favorable image capturing can be
performed even for the inside of the external ear canal into
which light is less enterable from the outside.

The motion sensor 2 is configured to receive space
information on the image capturing device 1, i.e., informa-
tion regarding the position and posture of the image captur-
ing device 1. Specifically, the motion sensor 2 includes a
triaxial acceleration sensor and a triaxial angular velocity
sensor. Thus, the position and posture of the image capturing
device 1 in orthogonal coordinates can be detected. Note that
in a case where the image capturing device 1 is restricted to
move only in a uniaxial direction with a certain posture, the
space information on the image capturing device 1 as sensed
by the motion sensor 2 may be only the position in the
uniaxial direction. Considering available positions and pos-
tures of the image capturing device 1, various motion
sensors 2 can be selected.

The motion sensor 2 is preferably provided at such a
location that the position and the posture with respect to the
objective optical system 12 and the image capturing element
13 of the image capturing device 1 are not changeable. For
example, in the case of providing the motion sensor 2 at the
otoscope 10, the motion sensor 2 may be at a location close
to a portion to be inserted into the external ear canal as
illustrated in FIG. 1A. Alternatively, the motion sensor 2
may be at an opposite location. In a case where the video
scope 11 includes, as illustrated in FIG. 1B, a tip end portion
11a having the objective optical system 12 and the image
capturing element 13 and a bent portion 115 supporting the
tip end portion 11¢ and provided bendably, the motion
sensor 2 is preferably provided at the tip end portion 11a.
This is because the positions and postures of the motion
sensor 2, the objective optical system 12 and the image
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capturing element 13 are not changeable. Note that in the
case of providing the motion sensor 2 at the tip end portion
11a, another motion sensor 2a may be provided at an outer
portion 11c. The outer portion 11c¢ is a portion of the bent
portion 115 positioned outside the external ear canal when
the video scope 11 is inserted into the external ear canal. In
the case of providing these multiple motion sensors, if the
motion sensor 2a includes a three-dimensional angular
velocity sensor, the posture of the motion sensor 2 can be
estimated from information from such a sensor. In the case
of using the multiple motion sensors as described above, the
three-dimensional angular velocity sensor is not necessarily
provided at the motion sensor 2 to be provided at the tip end
portion 11a. Note that in the case of providing the motion
sensor 2 at the fiberscope, the motion sensor is preferably
provided at a tip end portion provided with the objective
optical system.

The computer 3 is connected to the image capturing
device 1 and the motion sensor 2. Moreover, the computer
3 is configured to receive electric signals output from the
image capturing device 1 and the motion sensor 2. The
computer 3 of the present embodiment functions as a
two-dimensional image data generation device 30, a space
information receiving device 31, and a three-dimensional
shape data generation device 32. As described later, the
two-dimensional image data generation device 30 is config-
ured to generate two-dimensional image data of the inside of
the external ear canal based on an electric signal output from
the image capturing device 1. The electric signal output from
the image capturing device 1 is the group of electric signals
output from the light receiving elements 13a, and as
described later, is converted into a pixel value for each light
receiving element. Moreover, the space information receiv-
ing device 31 is configured to receive the space information
on the image capturing device 1 upon image capturing based
on an electric signal output from the motion sensor 2.
Further, the three-dimensional shape data generation device
32 is configured to relate the two-dimensional image data
generated by the two-dimensional image data generation
device 30 and the space information received by the space
information receiving device 31 with each other. In addition,
the three-dimensional shape data generation device 32 is
configured to generate three-dimensional shape data of the
inside of the external ear canal based on the two-dimen-
sional image data and the space information related with
each other. Note that although not shown in the figure,
various types of peripheral equipment including, e.g., an
input device configured to input data to the computer 3, such
as a mouse and a keyboard, and an output device configured
to output data processed by the computer 3, such as a
monitor and a printer, can be connected to the computer 3.

Note that although not shown in the figure, the three-
dimensional shape data production system of the present
embodiment may include an external ear canal motion
sensor different from the motion sensor 2. The external ear
canal motion sensor is configured to receive space informa-
tion on the external ear canal. The external ear canal motion
sensor is not necessarily directly attached to the inside of the
external ear canal as long as the external ear canal motion
sensor is attached to a portion at which the position and
posture of an attachment portion relative to the external ear
canal are not changeable, such as the head of a person
targeted for image capturing. When the person targeted for
image capturing moves during image capturing, the space
information on the image capturing device 1 as obtained by
the motion sensor 2 changes although the relative positions
and postures of the image capturing device 1 with respect to
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the external ear canal are not changeable. However, in the
case of providing the external ear canal motion sensor, such
a change amount of the position and posture of the external
ear canal is obtained. Thus, the space information on the
image capturing device 1 as obtained by the motion sensor
2 can be corrected based on such a change amount. That is,
for the obtained space information, influence of motion of
the person targeted for image capturing can be eliminated.
Note that instead of the external ear canal motion sensor, a
structure for directly or indirectly holding the tubular body
such as the external ear canal may be used. Such a structure
may be used in combination with the external ear canal
motion sensor. Such a structure includes, for example, a chin
rest on which the chin of the person targeted for image
capturing is placed such that the head is fixed, i.e., the
external ear canal is fixed.

Next, the three-dimensional shape data production
method by the three-dimensional shape data production
system will be described.

First, an area where image capturing by the image cap-
turing element 13 is allowed will be described. As illustrated
in FIGS. 1B and 2, in a case where the image capturing
element 13 is arranged parallel to a xy plane, the area where
image capturing by the image capturing element 13 is
allowed is an inner region indicated by chain double-dashed
lines in FIG. 1B. As illustrated in the figure, in a case where
the width, i.e., the x-direction length, of the image capturing
element 13 is xw, the height, i.e., the y-direction length, of
the image capturing element 13 is yh, the angle of view and
the diagonal angle of view are 0, and a focal length is f, these
values are in a relationship of the following formula (For-
mula 1).

,va 2 [Formula 1]

2 tan?
g

Thus, in generation of the three-dimensional shape data of
the inside of the external ear canal, image capturing is
performed while the position and posture of the image
capturing element 13 are being changed based on the area
where image capturing by the image capturing element 13 is
allowed. Images of all expected portions are to be captured.
An image surface of the image capturing element 13 is
within the fiberscope. Thus, in the case of using the fiber-
scope, the three-dimensional shape data generation device
32 uses the position of the image surface instead of the
position of each light receiving element of the image cap-
turing element 13.

As described above, the image capturing element 13
includes the group of the multiple light receiving elements
13a as illustrated in FIG. 2. Light having entered each light
receiving element 13a is converted into a voltage value
corresponding to the intensity of such light, and such a
voltage value is output as an electric signal. The two-
dimensional image data generation device 30 converts the
output voltage from each light receiving element 134 into a
corresponding pixel value, thereby generating a pixel having
such a pixel value. This pixel is arranged corresponding to
array of the light receiving elements 13a. Thus, the two-
dimensional image data generation device 30 generates the
two-dimensional image data of the inside of the external ear
canal.

Note that x and y positions (xiX, yiy) at the center of each
light receiving element 13a can be represented as in the
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following formulae (Formula 2) (Formula 3). For these
formulae, the width, i.e., the x-direction length, of the image
capturing element 13 is x,,, and the height, i.e., the y-direc-
tion length, of the image capturing element 13 is y,, as
described above. Moreover, the resolution of the image
capturing element 13 in an x-direction and the resolution of
the image capturing element 13 in a y-direction are Nx and
Ny, respectively. Further, the pitch of each light receiving
element 13a in the x-direction and the pitch of the light
receiving element 13a in the y-direction are dx and dy,
respectively. The coordinates of the center position of the
image capturing element 13 is (x_, y_, Zc,), and variables ix,
iy are used.

dx = x_w’ dy = Y [Formula 2]
Ny N,
1-N; [Formula 3]

K
By
1l
—_

iX+T]dx+xc O=<i, <N, -1

. 1=N, .
y;y:(zy+ 5 ]dx+yc(OszySNy—1)

The space information receiving device 31 receives the
space information on the image capturing device 1 upon
image capturing based on an electric signal output from the
motion sensor 2. Specifically, after the electric signal has
been output from the motion sensor 2, the electric signal of
the motion sensor 2 is caught at the timing of performing
image capturing by the image capturing device 1. In this
manner, the space information on the image capturing
device 1 is received. Note that in the case of not receiving
the space information, the electric signal from the motion
sensor 2 may be stopped, and on the other hand, may be
output from the motion sensor 2 with using, as a trigger, an
electric signal output upon image capturing by the image
capturing device 1.

The two-dimensional image data of the inside of the
external ear canal and the space information on the image
capturing device 1 as obtained in the above-described man-
ner are related with each other by the three-dimensional
shape data generation device 32. Thus, it becomes evident
that which parts inside an external ear canal correspond to
the obtained two-dimensional image.

Further, the three-dimensional shape data generation
device 32 generates the three-dimensional shape data of the
inside of the external ear canal based on the two-dimen-
sional image data and the space information related with
each other. Specifically, such generation is performed
according to the following steps.

First, the image capturing device 1 is moved to an external
ear canal portion where three-dimensional shape data is
necessary, and the two-dimensional image data and the
space information are received at a predetermined interval
(e.g., 0.1 mm). The received two-dimensional image data
and the received space information are stored in a memory
(not-shown) built in the computer 3. Based on the received
space information, the movement locus of a principal point
of the objective optical system 12 in association with
movement of the image capturing device 1 is calculated.
Cylindrical coordinates about the movement locus as a
center axis are set, assuming that the external ear canal is the
tubular body. Further, based on the set cylindrical coordi-
nates, multiple infinitesimal surfaces are set on an inner
surface of the tubular body. The computer 3 has a storage
unit (not shown), and saves, in advance, reference pixel
value data corresponding to a distance 1 between the prin-
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cipal point and the infinitesimal surface in the case of
assuming that the reflection intensity of an inner wall surface
of the tubular body is an uniform predetermined value.

Such setting will be specifically described with reference
to the drawings. FIG. 3 illustrates a relationship among the
above-described cylindrical coordinates and the multiple
infinitesimal surfaces. Note that an external ear canal space
is actually in a curved tubular shape, but for the sake of
simplicity in concept description, it will be first described
that the image capturing device 1 illustrated in FIG. 1B
moves along a z-axis of the cylindrical coordinates, i.e., the
movement locus of the principal point of the objective
optical system 12 is coincident with the z-axis of the
cylindrical coordinates. In this state, the cylindrical coordi-
nates about the movement locus of the principal point of the
objective optical system 12 as the center axis can be illus-
trated as in FIG. 3. It is herein assumed that the inner surface
of the external ear canal is discretized based on the cylin-
drical coordinates and a surrounding space is formed by the
multiple infinitesimal surfaces defined by the cylindrical
coordinates. In this case, these infinitesimal surfaces can be
illustrated as rectangular surfaces exist on a cylindrical
surface with a certain radius as illustrated in FIG. 3. That is,
in FIG. 3, these infinitesimal surfaces are on a cylindrical
surface with a radius of r,. The azimuth of one vertex of the
infinitesimal surface, such as a point A in FIG. 3, is ¢, and
the z-position of the vertex is z,. In this case, the coordinates
of the point A can be represented by (r,, ¢o, Z,). Moreover,
the coordinates of a vertex present at z1 slightly different
from the point Ain the z-position, i.e., a point B, can be
represented by (rp, ¢o, Z;). The coordinates of a vertex
present at ¢, slightly different from the point A in the
azimuth, i.e., a point C, can be similarly represented by (r,,
b1, Zo)-

In a case where the infinitesimal surface passing through
the points A, B, C as illustrated in FIG. 3 is represented using
intervening variables s,, s,, such an infinitesimal surface can
be represented as in the following formula (Formula 4) by

means of parameters a,;, a.,, Sy0, ay15 Ay3; 8,05 &15 &0, Ss0-
X(81,52)= 0 1510252 +Sx0
Y(51,52)7a,151+@,050+S,0
Z(51,52)=0-15 1+ 50 [Formula 4]

The formula (Formula 4) can be represented as in the
following formula (Formula 5), provided that the coordi-
nates of the points A, B, C are used, s,=0 and s,=0 are at the
point A, s,=1 and s,=0 are at the point B, and s,=0 and s,=1
are at the point C.

x(0,0)=r cos go
¥(0,0)=r sin ¢q
z(0,0)=z,

x(1,0)=r cos ¢,
y(1,0)=r sin ¢
z(1,0)=z,

x(0,1)=r cos q;
»(0,1)=r sin ¢,

z(0,1)=z, [Formula 5]
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By solving the system of simultaneous equations of the
above-described formula (Formula 5), the parameters a,,,
855 Sy0s 815 A3, 840y 15 &2, S, €N be obtained.

Next, a straight line connecting between the image cap-
turing element 13 and the principal point of the objective
optical system 12 is set. The image capturing element 13 in
the present embodiment includes the multiple light receiving
elements 13a. As illustrated in FIG. 4A, a straight line
passing through the center of each light receiving element
134 and the principal point of the objective optical system 12
is set. In the case of representing the straight line by means
of an intervening variable 1, the straight line can be repre-
sented as in the following formula (Formula 6) by means of

parameters a, Lo, a, Lo, a, L.

x(D=al+l,
y(=a i+l

z(D)=al+l,, [Formula 6]

It is assumed that coordinates at the center of the light
receiving element 13a are (x,, y,, 7,,) and the coordinates of
the principal point of the objective optical system 12 are (x,
¥p Zp). In this case, in a case where the straight line passes
through the center of the light receiving element 13a and the
principal point of the objective optical system 12, the center
of the light receiving element 13« is set as a starting point
(1=0). Moreover, the principal point of the objective optical
system 12 is set as an end point (I=1). In this case, the
above-described formula (Formula 6) can be represented as
in the following formula (Formula 7).

x(0)=x,
YOy,
2(0)=z,
x(1)=x,
Y=y,

z(l)=z, [Formula 7]

By solving the system of equations of the above-described
formula (Formula 7), the parameters a,, 1, a,, 1, a,, 1, can
be obtained. Moreover, the straight line passing through the
light receiving element 13a and the principal point of the
objective optical system 12 can be set.

Next, a correspondence between each light receiving
element and each infinitesimal surface is determined. That
is, it is determined whether or not the above-described
infinitesimal surface exists on the straight line. Specifically,
an intersection between a certain plane represented by the
formula (Formula 4) and the straight line represented by the
formula (Formula 6) is obtained. Then, it is determined
whether or not such an intersection is inside the above-
described infinitesimal surface and intersects from the inside
of the cylinder. That is, in the case of determining that the
intersection is inside the infinitesimal surface, it can be
regarded that the infinitesimal surface is on the straight line.
Conversely, in the case of determining that the intersection
is outside the infinitesimal surface, it can be said that the
infinitesimal surface does not exist on the straight line.
Further, the external ear canal is actually curved, and there-
fore, a case where the straight line intersects with an external
ear canal inner wall again is assumed. Thus, even when
multiple infinitesimal surfaces exist on the straight line, only
a case where the inner surface faces the image capturing
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device 1 is taken into consideration. Thus, the infinitesimal
surfaces whose images are captured by the image capturing
device 1 can be identified.

In the present embodiment, the intersection between the
cylindrical surface and the straight line is calculated with the
center of the light receiving element 13a being on the z-axis
as illustrated in FIG. 5. According to the formula (Formula
4) and the formula (Formula 6), the intersection between the
cylindrical surface and the straight line can be represented as
in the following formula (Formula 8)

1S |+ +S 0= d+H o
@181 +,087+S,0= A+ o

181+ 282+ S0=a 1+ 4 [Formula 8]

The parameters a,;, 8., 5.0, 8,15 &5, 5,05 &, &, 5, for the
cylindrical surface are known from the formula (Formula 5).
Moreover, the parameters a,, 1, a,, L, a,, 1, for the straight
line are known from the formula (Formula 7). Using these
parameters, it can be said that the above-described formula
(Formula 8) is the system of linear simultaneous equations
with three unknowns using s,, s,, | as variables. Thus, the
values of s, s,, and 1 are determined. The values of s, and
s, obtained as described above are substituted into the
formula (Formula 4), or the value of 1 is substituted into the
formula (Formula 6). In this manner, the intersection
between the cylindrical surface and the straight line can be
derived. Note that a case where the infinitesimal surface is
farther than the principal point as viewed from the light
receiving element 13a, i.e., the case of 1>>1, has a probability
that light from the infinitesimal surface exist on the cylin-
drical surface enters the light receiving element 13a.

For the derived intersection hereinafter referred to as a
“determination point P,” it is determined whether or not the
determination point P is inside the infinitesimal surface.
FIGS. 6A and 6B illustrate such a determination method. In
the determination method, both the determination point P
and a pair of two vertices A, B adjacent to each other in the
infinitesimal surface are focused. FIG. 6A illustrates, as an
example, a state in which the determination point P is inside
the infinitesimal surface. Moreover, FIG. 6B illustrates, as
an example, a state in which the determination point P is
outside the infinitesimal surface. Note that both a PA vector
and a PB vector respectively illustrated in each of FIGS. 6A
and 6B is a vector of the relative positions of two points A,
B with a reference point as the determination point P. In this
case, “n” indicates a normal vector to the surface. Moreover,
an angle (a signed angle) 081 between the PA vector and the
PB vector illustrated in FIG. 6A can be represented as in the
following formula (Formula 9). In this case, PA-PB is the
inner product of the PA vector and the PB vector. PAXPB is
the outer product of the PA vector and the PB vector.
Moreover, PAxPB n is the inner product of the above-
described outer product and the normal vector n. Note that
a signed angle 61' illustrated in FIG. 6B can be also
represented by the same formula as the formula (Formula 9).

_, PAXPB-n
PA-PB

[Formula 9]

6, =tan

Calculation of the signed angle is performed for all
combinations of adjacent ones of the vertices of the infini-
tesimal surfaces. In a case where the determination point P
is present inside the infinitesimal surface and an inner
surface of the infinitesimal surface faces an image capturing
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device 1 side as viewed from the image capturing device 1,
i.e., faces inward, as illustrated in FIG. 6A, the total of four
calculated signed angles is 27 in theory. In a case where the
determination point P is inside the infinitesimal surface and
an outer surface of the infinitesimal surface faces the image
capturing device 1 side, i.e., faces outward, the total of four
calculated signed angles is -2z in theory. On the other hand,
in a case where the determination point P is present outside
the infinitesimal surface as illustrated in FIG. 6B, the total of
four calculated signed angles is O in theory. Note that in the
case of calculating the signed angle based on data actually
obtained by image capturing by the image capturing device
1, a theoretical value is not sometimes obtained due to, e.g.,
an error. Thus, in a case where a calculated absolute value
is greater than a certain predetermined value such as m, it is
sometimes determined that the determination point P is
present inside the infinitesimal surface. Next, in a case
where there are multiple infinitesimal surfaces which the
determination point P is inside, determination on whether
the infinitesimal surface faces inward or outward as viewed
from the image capturing device 1 is made in ascending
order of 1, i.e., in ascending order of a distance close to the
image capturing device 1. In a case where the total of signed
angles is a negative value, it is determined as facing outward
and it is determined that receiving of reflected light is
impossible. In a case where the total of signed angles is a
positive value, it is determined as facing inward and it is
determined that receiving of reflected light is possible. Such
determination is repeated in the ascending order of 1, and in
a case where determination as facing outward is made once,
it is subsequently determined that receiving of reflected light
is impossible, i.e., no image is captured.

When the light receiving element corresponding to each
infinitesimal surface is determined as described above, the
pixel value corresponding to each infinitesimal surface is
determined from a pixel value of the two-dimensional image
data. Based on the above-described reference data, the
radius r, of the tubular body in a case where the distance 1
corresponding to the received pixel value is defined as 1,
and the distance between the infinitesimal surface and the
principal point is 1, is calculated for each infinitesimal
surface. The radius r, described herein is a distance from a
principal point locus to the inner surface in a tubular body
section perpendicular to the principal point locus. The radius
rp is calculated for all of extracted infinitesimal surfaces.

For the entire two-dimensional image data, calculation of
the radius r, corresponding to each infinitesimal surface is
performed as described above. An image of each infinitesi-
mal surface is captured in multiple two-dimensional image
data pieces, and therefore, multiple radiuses r, correspond-
ing to each infinitesimal surface are calculated. In this case,
the average of the radiuses r, may be taken as the radius rp
of such an infinitesimal surface. The radius r, of the infini-
tesimal surface is the distance between each infinitesimal
surface and the principal point locus, and therefore, the
infinitesimal surfaces are sequentially connected to each
other, so that the three-dimensional shape data of the inside
of the tubular body can be built.

After it has been determined whether or not the infini-
tesimal surface is on the straight line and receiving of
reflected light from such an infinitesimal surface is allowed,
the pixel value of each pixel of the two-dimensional image
data is set as the sum of the intensity of reflected light from
each infinitesimal surface exist on the straight line as
described above. Further, based on this pixel value, the
intensity of the reflected light on each infinitesimal surface
which exist on the straight line and whose reflected light is
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receivable is calculated. For example, it is assumed that a
pixel value of a certain pixel m is v,. Moreover, it is
assumed that the intensity of reflected light from the infini-
tesimal surface exist on the cylindrical surface at a position
n in the cylindrical coordinates is u,,. Using a coefficient a,,,,,,
the above-described infinitesimal surface determined that
the infinitesimal surface is on the straight line and the
reflected light from the infinitesimal surface is receivable is
assumed as a,, = such as a,,,=1. Moreover, the infinitesimal
surface determined that the infinitesimal surface does not
exist on the above-described straight line is assumed as
a,,..=0. In this case, a relationship between the pixel value v,,
of each pixel of the two-dimensional image data and the sum
of the intensity un of the reflected light from each infini-
tesimal surface exist on the straight line can be represented
as in the following formula (Formula 10).

[Formula 10]

N
Vm = E amnun

n=1

In a case where such a relationship is considered for pixel
values v1 to vM of all pixels, a matrix can be represented as
in the following formula (Formula 11). M in the formula
(Formula 11) indicates the total number of pixels. In the
received multiple two-dimensional image data, such a num-
ber is the total number of effective pixels of each of the
multiple two-dimensional image data pieces. Note that in a
certain capturing, if a certain light receiving element has no
image capturing surface which can receive reflected light,
such a light receiving element is excluded. Further, in all
capturing, image capturing surfaces which are not received
by any light receiving elements are also excluded.

Vi ay;  drp a3 [ ay [ 1 [Formula 11]
v2 az G2 23 Q2n an || 42
V3 asy  az  ass Q3pn azy || U3
Vm aml Gm2 Om3 Amn AmN || Um
Y ayr am2 ams .- QM - ayn JLun

Amatrix including v, v,, . .., v,,in the formula (Formula
11) is defined as v. Moreover, a matrix including a,;,
ay5, ..., 8., 15 defined as A. Further, a matrix including u,,
U,, . . ., Uy is taken as u. In this case, the formula (Formula
11) can be described as v=Au. This formula can be con-
verted in the similar way to the following formula (Formula
12). Thus, the matrix u can be obtained. As described above,
based on the formula (Formula 12), the unknown intensity
of the reflected light from each infinitesimal surface exist on
the straight line can be calculated.

v=Au
ATv=4"4u
ATy tav=u

u=(4T4)y~ 14y [Formula 12]

Thereafter, the actual tubular body, i.e., the infinitesimal
surface inside the external ear canal of a hearing aid user in
the case of the present embodiment, is estimated based on
distribution of the reflected light intensity of each infinitesi-
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mal surface exist on the straight line as described above.
Based on the estimated infinitesimal surface, the three-
dimensional shape data of the inside of the tubular body is
built. For example, in a case where the infinitesimal surfaces
exist on the straight line are arranged in the order of a
distance from the light receiving element 13a and the
distribution of the reflected light intensity is normal distri-
bution, the infinitesimal surface corresponding to the inten-
sity as an extreme can be estimated as the infinitesimal
surface inside the actual tubular body. Note that various
methods can be selected as the technique of estimating the
infinitesimal surface from the distribution of the reflected
light intensity. The estimated infinitesimal surfaces are
sequentially connected, so that the three-dimensional shape
data of the inside of the tubular body can be built.

Note that the above-described cylindrical coordinates
have the center axis extending linearly on the line. However,
in a case where the image capturing device 1 moves on a
curved line or in a case where the movement locus of the
principal point of the objective optical system 12 is a curved
line, the infinitesimal surface may be set based on curved
cylindrical coordinates having the curved line as a center
axis. The intensity of the reflected light from the infinitesi-
mal surface varies according to the inner product of a
directional vector of the straight line connecting the light
receiving element 134 and the principal point of the objec-
tive optical system 12 and an inward normal vector of the
infinitesimal surface of the curved cylindrical coordinates
and a lighting condition. Thus, the reference data and the
value of a,,, may be determined accordingly.

The present disclosure is not limited to produce the
three-dimensional shape data of the inside of the external ear
canal. For example, the present disclosure can be applied for
reproducing and reappearing of the inner shapes of various
tubular bodies, such like, digestive tract such as the intes-
tines and the respiratory tract as human organ, and water
pipe as tubing products. Moreover, the present disclosure
can be also applied to, for example, automatic identification
method of a clinical condition of human body and of
damaged portions or defective portions of other tubular
bodies.

The three-dimensional shape data production method and
the three-dimensional shape data production system accord-
ing to the present disclosure may be the following first to
third three-dimensional shape data production methods or
the following first to third three-dimensional shape data
production systems.

The first three-dimensional shape data production method
is a three-dimensional shape data production method includ-
ing the step of generating multiple pieces of two-dimen-
sional image data based on a signal from an image capturing
device configured to be movable inside a tubular body and
configured to capture an image of the inside of the tubular
body, the step of receiving space information on the image
capturing device upon image capturing based on a signal
from a motion sensor, and the step of relating the two-
dimensional image data and the space information with each
other and generating three-dimensional shape data of the
inside of the tubular body based on the two-dimensional
image data and the space information.

The second three-dimensional shape data production
method is the above-described first three-dimensional shape
data production method in which the image capturing device
includes an objective optical system and an image capturing
element arranged at the position of image formation by the
objective optical system and configured to receive reflected
light from the inside of the tubular body and the step of
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generating the three-dimensional shape data includes the
step of calculating a movement locus of a principal point of
the objective optical system in association with movement
of the image capturing device based on the space informa-
tion to set cylindrical coordinates about the movement locus
as a center axis and discretizing a surrounding space of the
image capturing device based on the cylindrical coordinates
to set multiple infinitesimal surfaces, which form the sur-
rounding space, according to the cylindrical coordinates, the
step of setting a straight line connecting each light receiving
element of the image capturing element and the principal
point, the step of determining whether or not the infinitesi-
mal surfaces exist on the straight line, the step of determin-
ing whether or not reflected light from the infinitesimal
surfaces can enter each light receiving element of the image
capturing element, the step of setting a pixel value of each
pixel of the two-dimensional image data as the sum of the
intensity of the reflected light from each infinitesimal sur-
face which exist on the straight line and whose light can
enter each light receiving element and calculating the inten-
sity of the reflected light on each infinitesimal surface exist
on the straight line based on the pixel value, and the step of
estimating the infinitesimal surfaces inside an actual tubular
body based on distribution of the reflected light intensity of
each infinitesimal surface exist on the straight line and
building three-dimensional shape data of the inside of the
tubular body based on the estimated infinitesimal surfaces.

The third three-dimensional shape data production
method is the first or second three-dimensional shape data
production method further comprising the step of correcting
the space information on the image capturing device as
obtained by the motion sensor based on space information
on the tubular body upon image capturing, the space infor-
mation on the tubular body being obtained by other motion
sensors.

The first three-dimensional shape data production system
is a first three-dimensional shape data production system
including a two-dimensional image data generator config-
ured to generate multiple pieces of two-dimensional image
data based on a signal from an image capturing device
configured to be movable inside a tubular body and config-
ured to capture an image of the inside of the tubular body,
a space information receiver configured to receive space
information on the image capturing device upon image
capturing based on a signal from a motion sensor, and a
three-dimensional shape data generator configured to relate
the two-dimensional image data and the space information
with each other and generate three-dimensional shape data
of the inside of the tubular body based on the two-dimen-
sional image data and the space information.

The second three-dimensional shape data production sys-
tem is the first three-dimensional shape data production
system in which the image capturing device includes a tip
end portion having an objective optical system into which
reflected light from the inside of the tubular body enters and
a bent portion supporting the tip end portion and provided
bendably and the motion sensor is provided at the tip end
portion.

The third three-dimensional shape data production system
is the first or second three-dimensional shape data produc-
tion system further including a holding device configured to
directly or indirectly hold the tubular body.

The invention claimed is:

1. A three-dimensional shape data production method
comprising:

a step of generating multiple pieces of two-dimensional

image data based on a signal from an image capturing
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device configured to be movable inside a tubular body
and configured to capture an image of the inside of the
tubular body, the image capturing device including a
lighting, an objective optical system, and an image
capturing element having M light receiving elements,
M being a positive integer equal to or greater than two,
arranged at a position of image formation by the
objective optical system and configured to receive
reflected light from the inside of the tubular body which
radiates at the lighting, the two-dimensional image data
including M pixel values, each of the M pixel values
being generated by a respective one of the M light
receiving elements;

step of receiving space information on the image
capturing device upon image capturing by the image
capturing device based on a signal from a motion
sensor placed at the image capturing device; and

a step of relating the two-dimensional image data and the

space information with each other and generating three-
dimensional shape data of the inside of the tubular body
based on the two-dimensional image data and the space
information, wherein

the step of generating the three-dimensional shape data

includes:
calculating a movement locus of a principal point of the
objective optical system in association with move-
ment of the image capturing device based on the
space information to determine cylindrical coordi-
nates about the movement locus as a center axis;
discretizing, in the cylindrical coordinates, a space
surrounding the image capturing device into N
infinitesimal surfaces, N being a positive integer
equal to or greater than two;
determining M straight lines in the cylindrical coordi-
nates, each of the M straight lines passing through
the principal point and a respective one of the M light
receiving elements;
calculating, using formula u=(A” A)'A” | N reflected
light intensity values, each of the N reflected light
intensity values indicating intensity of light reflected
from a respective one of the N infinitesimal surfaces;
and
estimating infinitesimal surfaces which forms the
inside of the tubular body based on distribution of
the N reflected light intensity values and building
three-dimensional shape data of the inside of the
tubular body based on the estimated infinitesimal
surfaces, wherein
in the formula, the matrix A has M rows and N
columns and includes elements a,, (l=m=M,
1=n=N),
each of the elements a,,,,, meeting a first condition has
a value other than zero, and each of the elements
a,,, meeting a second condition has a value of
zero, the first condition requiring that one of the N
infinitesimal surfaces identified by the positive
integer n exists on one of the M straight lines
passing through one of the M light receiving
elements identified by the positive integer m and
reflected light from the one of the N infinitesimal
surfaces identified by the positive integer n is
receivable for the one of the M light receiving
elements identified by the positive integer m, the
second condition requiring that the one of the N
infinitesimal surfaces identified by the positive
integer n does not exist on the one of the M
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straight lines passing through the one of the M
light receiving elements identified by the positive
integer m,

the matrix v has M rows and one columns, and
includes elements v, the elements v,, each repre-
senting one of the M pixel values generated by the
one of the M light receiving elements identified by
the positive integer m, and

the matrix u has N rows and one column, and
includes elements u,,, the elements u,, each repre-
senting one of the N reflected light intensity values
related to one of the N infinitesimal surfaces
identified by the positive integer n.

2. The three-dimensional shape data production method

according to claim 1, further comprising:

a step of correcting the space information on the image
capturing device as obtained by the motion sensor
based on the space information on the tubular body
upon image capturing, the space information on the
tubular body being obtained by other motion sensors.

3. A three-dimensional shape data production system

comprising:
a two-dimensional image data generation device config-
ured to generate multiple pieces of two-dimensional
image data based on a signal from an image capturing
device configured to be movable inside a tubular body
and configured to capture an image of the inside of the
tubular body, the image capturing device including a
lighting, an objective optical system, and an image
capturing element having M light receiving elements,
M being a positive integer equal to or greater than two,
arranged at a position of image formation by the
objective optical system and configured to receive
reflected light from the inside of the tubular body which
radiates at the lighting, the two-dimensional image data
including M pixel values, each of the M pixel values
being generated by a respective one of the M light
receiving elements;
a space information receiving device configured to
receive space information on the image capturing
device upon image capturing based on a signal from a
motion sensor placed at the image capturing device;
and
a three-dimensional shape data generation device config-
ured to relate the two-dimensional image data and the
space information with each other and generate three-
dimensional shape data of the inside of the tubular body
based on the two-dimensional image data and the space
information, wherein
to generate the three-dimensional shape data, the there-
dimensional shape data generation device:
calculates a movement locus of a principal point of the
objective optical system in association with move-
ment of the image capturing device based on the
space information to determine cylindrical coordi-
nates about the movement locus as a center axis;

discretizes, in the cylindrical coordinates, a space sur-
rounding the image capturing device into N infini-
tesimal surfaces, N being a positive integer equal to
or greater than two;
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determines M straight lines in the cylindrical coordi-
nates, each of the M straight lines passing through
the principal point and a respective one of the M light
receiving elements;
calculates, using formula u=(A” A)™'A% | N reflected
light intensity values, each of the N reflected light
intensity values indicating intensity of light reflected
from a respective one of the N infinitesimal surfaces;
and
estimates infinitesimal surfaces which forms the inside
of the tubular body based on distribution of the N
reflected light intensity values and building three-
dimensional shape data of the inside of the tubular
body based on the estimated infinitesimal surfaces,
wherein
in the formula, the matrix A has M rows and N
columns and includes elements a,, (l=m=M,
1=n=N),
each of the elements a,,,,, meeting a first condition has
a value other than zero, and each of the elements
a,,, meeting a second condition has a value of
zero, the first condition requiring that one of the N
infinitesimal surfaces identified by the positive
integer n exists on one of the M straight lines
passing through one of the M light receiving
elements identified by the positive integer m and
reflected light from the one of the N infinitesimal
surfaces identified by the positive integer n is
receivable for the one of the M light receiving
elements identified by the positive integer m, the
second condition requiring that the one of the N
infinitesimal surfaces identified by the positive
integer n does not exist on the one of the M
straight lines passing through the one of the M
light receiving elements identified by the positive
integer m,
the matrix v has M rows and one columns, and
includes elements v,, the elements v,, each repre-
senting one of the M pixel values generated by the
one of the M light receiving elements identified by
the positive integer m, and
the matrix u has N rows and one column, and
includes elements u,,, the elements u,, each repre-
senting one of the N reflected light intensity values
related to one of the N infinitesimal surfaces
identified by the positive integer n.
4. The three-dimensional shape data production system
according to claim 3, wherein
the image capturing device further includes
a tip end portion having the objective optical system
into which reflected light from the inside of the
tubular body which radiates at the lighting enters,
and
a bent portion supporting the tip end portion and
provided bendably
wherein
the motion sensor is provided at the tip end portion.
5. The three-dimensional shape data production system
according to claim 3, further comprising:
a holding device configured to directly or indirectly hold
the tubular body.
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